The baryon-dark matter coincidence is a long-standing issue. Interestingly, the recent observations suggest the presence of dark radiation, which, if confirmed, would pose another coincidence problem of why the density of dark radiation is comparable to that of photons. These striking coincidences may be traced back to the dark sector with particle contents and interactions that are quite similar, if not identical, to the standard model: a dark parallel world. It naturally solves the coincidence problems of dark matter and dark radiation, and predicts a sterile neutrino(s) with mass of O(0.1 − 1) eV, as well as self-interacting dark matter made of the counterpart of ordinary baryons. We find a robust prediction for the relation between the abundance of dark radiation and the sterile neutrino, which can serve as the smoking-gun evidence of the dark parallel world.
I. INTRODUCTION
The observed dark matter density is about five times larger than the baryon density,
If the baryon and the dark matter have a totally different origin, it is a puzzle why they happen to have the density in a similar size. This is known as the baryon-dark matter coincidence problem, and many solutions have been proposed (See e.g. Refs. [1] [2] [3] [4] [5] [6] [7] [8] .) Intriguingly, the recent SPT and WMAP observations suggest the presence of dark radiation with N eff = 3.71±0.35 [9] and 3.84±0.40 [10] , respectively. If confirmed, it would pose another coincidence problem of why the density of dark radiation is comparable to that of photons;
where ∆N eff ≡ N eff − 3.046, and Ω DR and Ω γ denote the density parameter of dark radiation and photons, respectively. 1 These coincidences (1) and (2) would be striking enough to make one to reconsider what dark matter and dark radiation are.
The two coincidences may be traced back to the dark sector with particle contents and interactions that are quite similar, if not identical, to the standard model (SM). That is, the dark sector is a parallel world of the SM, with slightly different couplings and (light) fermion masses. The dark parallel world naturally solves the coincidence problems of dark matter as well as dark radiation. It also predicts self-interacting dark matter [26] made of para-baryons 2 , as well as dark radiation and sterile neutrinos which are nothing but the counterparts of photons and neutrinos.
A replica of the SM was considered in many literatures. In a seminal paper [27] , Lee and Yang proposed that there must exist a mirror world, which compensates the mirror (or parity) asymmetry of the weak interactions of the SM. The mirror world has been studied from both phenomenological and astrophysical aspects (see e.g. Refs. [28] [29] [30] [31] [32] [33] [34] and references therein), and many papers studied the mirror world with an exact Z 2 symmetry that interchanges the mirror world and the SM sector. In the presence of such Z 2 symmetry, we can directly apply our knowledge of the SM to the mirror world, enabling us to make rather robust predictions about the property and evolution of the mirror sector. In particular, the mirror baryons are a plausible candidate for dark matter.
However, in order to satisfy the big bang nucleosynthesis constraint on additional light degrees of freedom, one needs to introduce e.g. asymmetric reheating [35] . There are many other issues such as structure formation. In another class of models called "asymmetric mirror world", although the couplings in the mirror sector are identical to those in the SM sector, the breaking scale of the mirror electroweak symmetry is assumed to differ from the SM value by a factor ζ, which eases several difficulties of the symmetric mirror world [36, 37] . Also, additional couplings between the two sectors other than gravitation were often introduced, such as the neutrino mixings [35, 38, 39] , a kinetic mixing with the hidden photon [31, [40] [41] [42] , and a Higgs portal [43] , etc.
In our paper, we only require that the parallel world has the same gauge structure and particle content as the SM sector ones, but the parameters in the Lagrangian can be slightly different. 3 Especially the mass of light fermions (i.e., up and down quarks, electrons and neutrinos) could be different by a factor of several, or maybe one order of magnitude with respect to the SM values. We also focus on a case in which the parallel world and the SM sector are coupled only through gravitation. We shall derive a non-trivial relation of the abundance of dark radiation ∆N eff and the effective number of massive sterile neutrinos N s , which will serve as the smoking-gun evidence of the dark parallel world. Note that, although the amount of dark radiation itself cannot be definitely predicted in our framework 4 , the ratio of the abundances of dark radiation to 3 We shall comment on a case in which the particle content of the parallel sector is different from that of the SM. 4 The amount of additional effective number of neutrinos was estimated in terms of ζ in Ref. [44] , assuming massless mirror neutrinos.
sterile neutrino is simply determined by the number of light degrees of freedom.
The rest of this paper is organized as follows. In Sec. II we derive the relation between ∆N eff and N s and also study the baryon-dark matter coincidence problem. We discuss the implications from string theory in Sec. III, and the last section is devoted to discussion and conclusions.
II. A DARK PARALLEL WORLD
In this section we discuss cosmological and astrophysical aspects of the dark parallel world. As we mentioned in the previous section, we assume that the parallel world is quite similar to the SM sector, since otherwise it would be difficult to explain the similarity in the abundance of baryon and dark matter and that of the ordinary and dark radiation.
The two sectors are assumed to interact with each other only through gravitation. Other interactions such as a kinetic mixing between U(1)'s, a Higgs portal, and the active-sterile neutrino mixings etc are possible and would offer an interesting probe of the parallel world, but we do not consider them here since they are quite model-dependent.
In many literature, it is assumed that there is an exact Z 2 symmetry which interchanges the SM sector with the parallel world. However, we do not impose such an exact Z 2 symmetry. This is because of the apparent disparity between dark and ordinary matter; for instance, the radiative cooling of gas is a crucial ingredient of galaxy formation, while the dark matter should not cool off by radiating p-photons. Such difference depends on the detailed properties of p-nucleons as well as the p-electron, and it could arise as a result of a slightly different choice of the parameters in the Lagrangian. We shall come back to this issue later. Due to our lack of knowledge of the parallel world, it is difficult to study detailed properties of those particles unless some exact symmetry is imposed.
Nevertheless, the apparent similarity in the cosmic abundances strongly suggests that the disparity of the parameters between the two sectors is not significant.
Our key question is if we can find any robust predictions of this framework. We observe that (i) the existence of a sterile neutrino(s) and (ii) self-interacting dark matter made of para-baryons; these two points are robust predictions that are mostly independent of details of the parallel sector. We will show that there is a robust prediction for the relation between the abundance of dark radiation and the sterile neutrino, which can serve as a smoking-gun evidence of the parallel world.
A. Dark radiation and sterile neutrino
At very early times, the Universe was dominated by the ordinary radiation. Because of the apparent similarity, we expect that the parallel sector was also thermalized. We here simply assume that the inflaton decay reheated both the SM and parallel sectors. The similarity in the abundance of baryon and dark matter suggests that the two temperatures are comparable to each other, but the two sectors are thermally decoupled since we assume only gravitational interactions between them.
The counterparts of photons and massless neutrinos contribute to dark radiation, which is characterized by ∆N eff as If some of the p-neutrinos are massive, their effect on the CMB and large-scale structure can be parameterized by their effective number N s and the mass m s . The contribution to N s from one massive p-neutrino species is given by
with
where n ′ ν and n (th) ν denote the number density of the massive p-neutrino and that of one species of ordinary neutrinos, respectively. The p-neutrino mass m s is unknown, but we assume that it is of order O(0.1 − 1) eV, because of the expected similarity between the visible and parallel sectors. In the case of normal hierarchy (NH) for the neutrino masses, we can approximate that only the heaviest p-neutrino is massive, while the others are massless. In the case of inverted hierarchy (IH), on the other hand, the two heaviest p-neutrinos are treated as massive.
In the present Universe, we expect that the light degrees of freedom in the parallel sector are p-photons and p-neutrinos. Their contributions to ∆N eff and N s depend on the ratio of their temperatures after the p-electron and p-positron annihilation phase,
where r = (4/11) 1/3 if the annihilation takes place after the p-neutrino decoupling as in the SM sector, and r = 1 otherwise. The p-neutrons and p-photons will have the same temperature if the p-electron is several times heavier than the electron. Such an assumption may not be entirely unreasonable because some of the SM parameters, especially the light fermion masses, may be finely tuned for the existence of life. For instance, the closeness of the electron mass and the neutron-proton mass difference may be as a result of such fine-tuning. It is also known that the electron mass tends to be lower than the typical prediction of some flavor models. More importantly, a heavier p-electron mass will reduce the bremsstrahlung, which may help to account for the different cooling property of dark and ordinary matter.
During big bang nucleosynthesis (BBN), the extra radiation increases the expansion rate, which subsequently enhances the 4 He abundance. 
Using (8) and (9), we have
Thus, the temperature of the parallel world must be lower than about half of the visible sector temperature. Such difference can be explained if the inflaton coupling to the SM sector is a few times larger than the coupling to the parallel world.
Now we estimate ∆N eff and N s at the CMB epoch:
for n massive and (3 − n) effectively massless p-neutrino species, where the inequalities come from the BBN bound (8) . In the case that the p-neutrinos and p-photons have the same temperature, we obtain
Here the neutrino mass hierarchy means the one in the parallel sector, assuming the same hierarchy in the SM and parallel sector. It will be straightforward to apply the relations (11) and (12) to the case with a different mass hierarchy between the two. On the other hand, ∆N eff and N s are bounded to be
for r = (4/11) 1/3 , which is the case when the p-neutrinos decouple from the thermal background before the p-electron and p-positron annihilation. Since we do not know the exact temperature of p-photons, T ′ γ , we cannot predict the exact values of ∆N eff and N s . Nonetheless, the relation between ∆N eff and N s is simply determined by the number of light degrees of freedom (i.e. p-photon and p-neutrinos) and the p-neutrino mass hierarchy. Thus we obtain a rather robust prediction for the relation,
with κ given by
This is the main result of this paper. The value of κ is fixed by the p-neutrino mass hierarchy, with a simple thermodynamic argument. To be concrete, for the parallel sector with r = 1, we predict
Similarly, the parallel sector leads to
if the ratio between p-neutrino and p-photon temperatures is r = (4/11) 1/3 as in the SM
sector. If such a relation is confirmed by future observations, it will be a smoking-gun evidence of the dark parallel world.
In Fig. 1 , we show the relations (17) and (18) If m s is much lighter than 0.1 eV, it will be challenging, but if it is of O(0.1 − 1) eV, we may be able to confirm the relation.
B. Baryon and dark matter
The p-baryon is the leading dark matter candidate in our framework. The p-baryon asymmetry is generated by the p-baryogenesis mechanism similar to the one responsible for the baryon asymmetry in the SM sector. Thus, these two asymmetries are naturally comparable to each other. After the p-QCD phase transition, the p-quarks form p-hadrons, and the lightest one will have a mass of order the dynamical scale of p-QCD,
The lightest p-hadron is considered to be stable in a cosmological time scale because of the p-baryon number conservation, and thus a plausible candidate for dark matter. The baryon-dark matter coincidence is a natural outcome of this scenario.
As mentioned at the beginning of this section, there is clear disparity between baryon and dark matter. The gas made of ordinary matter cools and condenses in the dark matter's potential, while the dark matter does not cool and it forms tri-axial haloes. Due to the lack of our knowledge about the parallel world, we are not able to predict or explain the different behavior of baryon and dark matter from the first principle, and so, here we content ourselves with the following simple argument.
Suppose that p-proton is lighter than p-neutron and it is stable in a cosmological time scale. After the recombination, p-electrons and p-protons become bound to form electrically neutral p-hydrogen atoms. However, the p-hydrogen atoms are considered to have too large scattering cross section of order 10 −16 cm 2 at small relative velocities, if all the mass scales in the parallel sector are same as in the SM. This problem can be circumvented by increasing the breaking scale of the weak interaction in the parallel sector [36, 37] . Also, the bremsstrahlung process in ionized gas will be suppressed if the p-electron is heavier.
Another possibility is that p-neutron is the lightest p-hadron. As we shall see below, the scattering cross section becomes significantly smaller than the previous case. Also, heavier p-nuclei may be unstable if the p-proton mass is so heavy that the mass difference There is one robust prediction about dark matter made of p-neutrons, which does not depend on the detailed property of the p-hadrons. That is, the p-neutron dark matter has self-interactions through the counterpart of the strong interaction. The cross section of the p-neutron dark matter can be inferred from the scattering cross section of neutronneutron collisions at low energy, σ nn ≃ 4πa 2 nn ≃ 45 barn, where a nn = −18.9 ± 0.4 fm is the neutron-neutron scattering length [46] . Thus, if the parallel sector is identical to the SM, the ratio of the cross section to the mass is given by σ DM /m DM ∼ σ nn /m n ∼ 48 barn/GeV ∼ 30 cm 2 /g. For a p-QCD scale several times greater than the QCD scale, the ratio is considered to be suppressed by a few order of magnitude.
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Such self-interacting dark matter was proposed as a possible solution to the discrepancy between observations and simulations known as central density problem [26] . The upper bound on σ DM /m DM was obtained by several groups as σ DM /m DM 0.1 [48] , 0.3 [49] , and 0.02 cm 2 /g [50] , comparing the numerical simulations with observations.
The constraint from the merging clusters known as the Bullet Cluster was derived in
Ref. [51] as σ DM /m DM 0.7 cm 2 /g. Recently, the observational constraint on the selfinteracting dark matter was carefully re-considered in Refs. [52, 53] , taking account of various effects which were overestimated in the previous works and it was found that σ DM /m DM = 1 cm 2 /g is likely inconsistent with halo shape of the observed clusters, while σ DM /m DM = 0.1 cm 2 /g is still allowed. According to Ref. [54] , the self-interacting dark matter with σ DM /m DM ≃ 0.6 cm 2 /g can account for the central densities of the Milky Way dwarf spheroidals, while the dark matter with σ DM /m DM = 0.1 cm 2 /g can hardly be distinguished from the collisionless cold dark matter. Thus, the self-interacting dark matter with the cross section of σ DM /m DM = O(0.1) cm 2 /g has interesting implications for the central density problem.
In order for the p-neutron cross section to fall in this range, the p-QCD scale (and/or the light p-quark masses) must be several times larger than the SM values. This implies that, if the p-baryon number is equal or very close to the ordinary baryon number, the dark matter density can be several times greater than the baryon density, which nicely fits the observations (1). On the other hand, if the p-QCD scale is more than one order of magnitude higher than the QCD scale, the self interactions will likely be too small to be distinguished from the collisionless cold dark matter. Now let us consider a more specific mechanism for baryogenesis. The similarity in the abundance of baryon and dark matter suggests that the successful baryogenesis should not rely on fine-tuning of the parameters, since we do not impose an exact Z 2 symmetry between the SM and parallel world and the same degrees of fine-tuning in the two sectors are unlikely unless there is a novel physical mechanism for it. One particularly attractive mechanism that offers an explanation of the observed baryon asymmetry is leptogenesis [55] . Once the Universe was heated to sufficiently high temperature, the leptogenesis takes place automatically through out-of-equilibrium decays of the heavy right-handed neutrinos. We therefore consider thermal leptogenesis in the seesaw mechanism of the neutrino masses [56] .
To simplify our discussion, we assume a hierarchical mass spectrum for the right- 
where k represents a wash-out effect as well as the production efficiency of 
6 Precisely speaking, the efficiency factor k ′ is generically different from k. The thermal leptogenesis in the parallel sector is obtained by multiplying a decay parameter K with a factor of (T
in the usual thermal leptogenesis (see Ref. [57] ). This is because, for the parallel world, the visible radiation increases the Hubble parameter and K ∝ 1/H. This however does not change the value of k ′ significantly for the parameters considered here.
Note that the p-baryon abundance is normalized to the visible entropy density, and so it is suppressed by the ratio of the temperature of the two sectors. Thus, the p-baryon (i.e. dark matter) density would be about one order of magnitude smaller than the baryon abundance if all the parameters of the parallel sector are same as the SM ones. Even for Λ ′ QCD = (3 ∼ 5) × Λ QCD , we need to enhance the dark matter abundance by one order of magnitude in order to satisfy (1).
There are several options (or some combination of them) for enhancing the dark matter density 7 :
Among the above possibilities, the third one is particularly interesting, because it may be possible to detect the effect of the sterile neutrino imprinted in the CMB temperature anisotropy and the large scale structure data, which enables us to check our prediction (15) .
III. IMPLICATIONS FROM THE STRING THEORY
In this section, we shall consider possibilities on the embedding of the SM and its parallel world into the string theory. Since the theory can be a quantum unified theory including gravity, it is worthwhile to discuss it. As well-known, string theories require six extra spatial dimensions in addition to the observed four spacetime dimensions. The extra dimensions can possess rich structures although the spaces should be compactified to such a small size that we do not observe them directly. Furthermore, by involving D-branes in type II string theories it is possible to introduce gauge theories on them, which can lead 7 See also [58] .
to the SM and its parallel world at low energy scales. Thus it may be natural to have parallel world.
Consider a compact Calabi-Yau (CY) space involving D-branes in IIB/F theory as an example [59] [60] [61] [62] . Then one may find two relevant things, which are the presence of lots of cycles and the tadpole conditions on the CY space.
First, the CY space can contain many cycles or singularities. For instance, one may find h 1,1 (CY) > 1 and h 2,1 (CY) ∼ O(100), and there would be a cycle which is homologous to another one. Therefore, when two stacks of D-branes are put on such two different n-cycles of Σ n and Σ ′ n separately, one stack may look like a hidden dark sector from the other:
Two sectors interact with each other at least via gravitation. Let us focus on the modelbuilding of the SM and dark sector under such a situation. 8 For instance, world volume fluxes on two stacks of D7-branes wrapping on two 4-cycles can lead to copies of chiral fermions (generation) via index of Dirac operators in the respective sectors [65] . The flavor structure can originate from integrands of three zero-mode wavefunctions which are localized on the respective branes [66] , and depend also on non-perturbative effects [67] [68] [69] .
As another possibility, the SM and dark sector can originate from two stacks of (fractional) D3-branes sitting on two singularities respectively [70] . In this case, the number of chiral fermions depends on the structure of the singularities, and flavor structure depends on the singularity 9 and non-perturbative effects similarly to the previous case [72] . Then the MSSM-like models or GUT-like ones may be considered at high energy scales on respective cycles. Non-linear realization of supersymmetry (SUSY) or just the SM-like models may be also constructed with anti-branes or non-supersymmetric fluxes in would-be metastable 8 We will not tell about K-theory [63] and Freed-Witten anomalies [64] on D-brane configurations because it requires more concrete discussion of model-buildings. 9 For instance, C 3 /Z 3 singularity can lead to SU (3) 3 gauge group, 3-generation and SU (3) R symmetric Yukawa coupling y ijk ∝ ǫ ijk at the high energy scale [71] . Non-commutative deformations of the singularity can also modify the flavor structure.
Secondly, the number of D-branes can be constrained on the CY space even if one wants to do so freely. Induced RR charges carried by D-branes wrapping on a cycle, that is, the tadpoles for RR tensor fields, are required to vanish entirely for cancelling fieldtheoretic (mixed) quantum anomalies at low energy scales. As such induced charges are proportional to the number of the relevant D-branes, the tadpole conditions can restrict the total number of D-branes wrapping on respective cycles, i.e. the total rank of the sum of gauge groups in string models. 11 Focusing on moduli stabilization, orientifolding CY spaces is important. On such compactifications O-planes carrying negative RR-charges and hence closed string fluxes can be contained [81] . On top of them, lots of D-branes will be naturally required to cancel the negative RR-charges, forcing hidden sectors to be contained [82] . As a consequence, all string moduli can be stabilized at low energies via combinations of the fluxes [83] and non-perturbative effects on D-branes [84] . Let us consider, for instance, the D3-brane tadpole condition in F-theory compactified on an elliptically fibered CY fourfold (CY 4 )
Here N D3 denotes the number of D3-branes, N flux is four-form flux contribution to the in more generic cases. Thus the total number of D3-branes can be naturally split as 10 See discussions on the presence of anti-branes in a supersymmetric flux-background [73] . 11 Although in this paper we use the terminology in type II models for simplicity, one may consider similar situations in heterotic models. The tadpole condition (of the dual six-form potential) can be given by Tr(R 2 ∧ R 2 ) − Tr(F 2 ∧ F 2 ) = 0, where R 2 is the geometric curvature two-form on a CY space, F 2 is gauge field strength two-form in E 8 × E ′ 8 or SO(32), and we have not included any five-brane contributions. The total rank of the sum of gauge groups should be less than sixteen, and thus heterotic models can also contain the hidden sector gauge group [80] . 12 In type IIB language, N flux consists of contributions from NSNS-, RR-fluxes and world volume fluxes on D7-branes, while the χ(CY 4 ) comes from O3-planes, and geometric curvature on O7-planes and D7-branes [85] .
N D3 = N SM + N para + · · · , where N SM and N para are the rank of the SM gauge group and the dark sector at the high energy respectively, though Eq. (22) depends also on N flux . At any rate, thanks to the tadpole condition with O-planes, it would be natural for string theories to contain multiple SM-like sectors 13 .
Let us discuss about the reheating of both the SM sector and the parallel world. An inflaton or closed string moduli which are propagating in the bulk of a CY space can play a role in reheating both the sectors, when such states dominate over the energy density in string theory at last. The states denoted by φ would be universally coupled to both sectors via gravitational interaction
because they exist in the bulk like the graviton. Here we have used in the Planck unit such that M Pl = 2.4 × 10 18 GeV ≡ 1. Leptogenesis will work successfully in both sectors when the decay temperature of φ is high enough, or when right-handed neutrinos are non-thermally produced with a sufficient amount in the φ decays. Note that if there are other hidden sectors lighter than φ they will be also produced similarly. A slight difference between the reheating temperatures in two sectors may come from different matter contents at high energy scales depending on brane configurations or topologies in local geometries; extra states, e.g. heavy gauge bosons or vector-like matters, may be reheated just in the SM sector or soft SUSY-breaking terms in the dark sector may be much larger than those in the SM sector. For instance, a stack of D-branes can sit on an orientifolded local geometry while an another does not [87] . Alternatively, the SM may localize on a stack of D-branes while the dark sector does on anti-D-branes, cancelling the tadpole generated by the SM branes.
On the other hand, open string moduli (position) [88] or chiral singlets under the SM gauge group [89] may play the role of right-handed neutrinos. 14 For the former states on D7-branes, they will obtain the masses which will be given by 
This is because of respective anomalous U(1) symmetries under which right-handed neutrinos in respective sectors can be charged. Here Vol(E) and Vol(E ′ ) denote the volume of an Euclidean D-branes relevant to the SM and dark sector, respectively, while ϑ and ϑ ′ are integrands of RR-fields on the Euclidean branes. Via the same origin of such an instanton or a moduli stabilization such that Vol(E) Vol(E ′ ), M 1 < M ′ 1 and other desired situations may be realized.
IV. DISCUSSION AND CONCLUSIONS
The BBN bound on the temperature of the parallel world (8) implies that the reheating of the SM and parallel sectors are slightly asymmetric. As already mentioned in the previous section, the inflaton or closed string moduli propagating in the bulk of a CY space may be responsible for the asymmetric reheating. Here we briefly mention another possibility. If SUSY is realized in nature, there will be a fermion that partners with the graviton, called the gravitino, which has interactions suppressed by either the Planck scale we need extremely heavy φ, and then such massive neutrinos are beyond the scope of four dimensional approximation. 15 In such a case, one can get a low reheating temperature via the bulk modulus decay, and hence a bulk string-theoretic-axion can become a component of dark radiation [20] as already mentioned production of hidden light modes on branes via φ-decay. However, strictly speaking, such consequence may depend on moduli stabilization.
or the SUSY breaking scale, and therefore is long-lived. Also, the gravitinos are produced in various processes, such as thermal particle scatterings [91] [92] [93] and non-thermal production from the decay of moduli [94] [95] [96] and inflaton [97] [98] [99] [100] [101] . Thus, it is possible that our Universe was gravitino-rich, or even gravitino-dominated [102] . In the latter case, since the gravitino is coupled to both the SM and parallel sectors, the two sectors will be heated up to temperatures that are comparable to each other. The slight difference of the temperatures could arise if the SUSY particles have mass comparable to the gravitino and if the masses are slightly different between the two sectors. We also note that SUSY forbids a sizable coupling between the Higgs doublets of the SM and parallel sectors, as would be required for temperature asymmetry.
So far we have considered a parallel sector with particle contents and interactions that are identical to the SM. In fact, our argument on the relation between ∆N eff and N s can be applied to a broader class of the parallel world. For instance, our result holds even if there is no counterpart of the strong interaction. It is also straightforward to extend our results to a case with different number of p-neutrino species and/or p-photons. If it turns out that the relation (15) is not satisfied, it would imply that the parallel world is not just a replica of the SM. In any case, if the existence of dark radiation and/or sterile neutrinos are discovered, it would provide us with a valuable information of the dark sector.
In this paper we have pointed out that the existence of dark radiation suggested by recent observations, if confirmed, would pose another coincidence problem of why the density of dark radiation is comparable to that of photons. Combined with the longstanding baryon-dark matter coincidence, it may imply that there is a dark parallel world which is quite similar to the SM. Assuming only gravitational interactions between the two sectors, we found that there is a rather robust prediction for the relation between the abundance of dark radiation and the sterile neutrino, (17) and (18) . See Fig. 1 for the relation. The relation is mostly independent of details of the parallel world, and is simply determined by the number of light degrees of freedom. If confirmed, it can serve as a smoking-gun evidence of the parallel world. We also pointed out that p-neutrons are a plausible candidate for dark matter, which can have a cross section of σ DM /m DM = O(0.01 − 0.1) cm 2 /g for the p-QCD scale several times larger than the QCD scale 16 . Interestingly such dark matter is consistent with the observations and may ameliorate the central density problem [52] [53] [54] . We have also discussed the implications for such parallel world from the string theory point of view. What is important is the presence of small extra dimensions with rich structures. The SM and its parallel world can be found through compactifications, where there are many independent cycles and two sectors can exist on the cycles separately. Furthermore, consistency conditions to avoid anomalies can also require the parallel world, being consistent with moduli stabilization. Bulk modes coupled to the both sectors via gravitation can play a role in reheating these sectors and hence in generating the origin of baryon asymmetry, e.g., right-handed neutrinos, whose masses will be generated through flux compactifications or non-perturbative effects in both sectors. Once the SM sector exists in the string theory, there is no reason why we should not have a similar sector.
